INTRODUCTION
============

SAH is a devastating cerebrovascular event that can result in a number of complications, such as brain edema, vasospasm, ischemia, hydrocephalus, and neuroinflammation, causing high mortality and lasting brain impairments \[[@B1][@B2][@B3][@B4]\]. Therefore, exploring the mechanisms of its secondary pathological cascades is helpful to find effective strategies for improving the prognosis of SAH.

The paravascular pathway, also termed the glymphatic system, performs pseudo-lymphatic roles in the central nervous system (CNS) \[[@B5]\]. It effectively clears brain metabolic macromolecules via AQP4 water channels that are highly expressed at perivascular astrocyte end-foot processes \[[@B6][@B7][@B8]\]. AQP4 facilitates influx of cerebrospinal fluid (CSF) into the brain along para-arterial spaces as well as efflux of interstitial macromolecules out of the brain parenchyma along para-venous spaces \[[@B5]\]. Moreover, human and rodent meninges harbor typical lymphatic vessels that drain macromolecular substances to the dcLNs \[[@B9][@B10][@B11]\]. Therefore, the glymphatic system and meningeal lymphatic vessels may, together, form a functional unit in removal of metabolic waste products from the CNS \[[@B12]\].

Indeed, glymphatic dysfunction causes abnormal accumulation of macromolecules in the brain, which contributes to the occurrence of neurodegenerative disorders, including Alzheimer\'s disease (AD) \[[@B13][@B14][@B15][@B16]\]. Previous studies have also indicated that the paravascular pathway malfunctions following acute stroke \[[@B17][@B18]\]. Surgical blockade of meningeal lymphatic drainage via ligation of the dcLNs worsens brain edema and oxidative stress during the acute stage of SAH \[[@B19][@B20]\]. However, whether dysfunction of glymphatic and meningeal lymphatic systems persists after SAH remains elusive.

We assumed that, after SAH, blood cells and other components in the subarachnoid space might be drained to the dcLNs through dural lymphatics, subsequently reducing secondary brain damage. Nevertheless, blood clots partially or even totally block this lymphatic drainage route, resulting in blood components entering into and accumulating within the brain perivascular spaces. This in turn impairs clearance function of the glymphatic system, causing accumulation of toxic metabolites and immune components within the brain parenchyma and potentially long-term brain damage. To verify this hypothesis, a mouse SAH model was established by injection of fresh autologous venous blood into the cisterna magna. Our results reveal dysfunction of the glymphatic system and meningeal vessels during the recovery stage after SAH. This finding helps to understand the mechanisms of chronic pathological changes after SAH.

MATERIALS AND METHODS
=====================

Animal
------

Three-month-old male C57/BL6 mice were used in this experiment. All animals were kept in a room of controlled illumination (12:12 h light/dark cycle), humidity (30\~50%), and temperature (18\~22℃). This study was carried out in accordance with the recommendations of the Institutional Animal Care and Use Committee (IACUC) of Nanjing Medical University.

SAH
---

SAH model induced by injection of fresh autologous blood into the cisterna magna was adapted from previous reports \[[@B21][@B22]\]. Briefly, anesthetized mice were placed in a stereotactic frame. A 1-cm-long incision was made in the posterior neck along the midline, following which paraspinous muscles were separated to expose the atlanto-occipital membrane. A total of 60 µL of venous blood was drawn from the tail vein using a syringe with a 27-gauge needle (Hamilton, Reno, NV, USA) and injected into the cisterna magna in 10 min by the aid of a micro-manipulator. After injection, the micropipette was then very slowly withdrew. Postoperatively, mice were positioned on an autoregulated electric blanket in a head-down position. This protocol greatly reduced animal deaths and effectively prevented blood leakage from the injection site. In sham control mice, surgery was limited to exposure of the atlanto-occiptial membrane. After the animals regained consciousness, they were returned to the cage and feed for one week before behavioral testing.

Neurological score measurement
------------------------------

Neurological scores were blindly examined on the seventh day post SAH using the Garcia scoring system. Several indexes, including spontaneous activity, symmetrical movements of limbs, forepaw outstretching, climbing, body proprioception, and response to vibrissae touch were evaluated \[[@B23]\]. Scoring of each subtest was 0 (worst) to 3 (best). The total score was calculated as a sum of all of the subtest scores.

Open-field test
---------------

Mouse spontaneous and anxiety-like behaviors were evaluated in the open field \[[@B24]\]. The animals were placed in the middle of the box (length: 60 cm, width: 60 cm, and height: 25 cm), with an outlined central area (30 cm×30 cm) and allowed to move freely for five minutes within the box. The percentage of time spent, number of crosses into the central area, and total distance traveled during the test were measured.

Intracisternal perfusion of fluorescence tracer
-----------------------------------------------

Intracisternal injections of Texas Red-dextran (3 kDa) (TR-d3; Thermo Fisher Scientific, Cat \#D3328) were described previously \[[@B8][@B16]\]. Five µL of 0.5% TR-d3 resolved in artificial CSF was injected into the cisterna magna. The intracisternal injection was carried out at a rate of 1 µL/min over five minutes. Thirty minutes after the start of infusion, the anesthetized animals were sacrificed for analyses of TR-d3 diffusion into the brain parenchyma, meningeal lymphatic vessels, and dcLNs.

Brain water content measurement
-------------------------------

At one and seven days post surgery, a subgroup of SAH mice and sham control mice were anesthetized, and their brains were removed, weighed, heated in an oven (70℃) for 72 hours, and reweighed. The percentage of water content was calculated as \[(wet weight-dry weight)/wet weight×100%\] \[[@B25]\].

Section preparation
-------------------

Mice were intraperitoneally deeply anesthetized, then transcardially perfused with 0.9% saline by perfusion pump (Cole-Parmer, USA), followed by 4% paraformaldehyde. Forebrains, meninges, and dcNLs were dissected out and post-fixed overnight at 4℃. The meninges were directly unfolded on a glass slide covered with poly-l-lysine for immunofluorescence. For H&E and immunochemical staining, a subset of forebrains was prepared as paraffin sections. Coronal sections at 5 µm were serially cut using a paraffin slicing machine (Leica RM2135, Nussloch, Germany). For analysis of immunofluorescence and TR-d3 diffusion, forebrains and dcLNs were gradient-dehydrated by 20% and 30% sucrose for 24 hours. Tissues were embedded with OTC gel. Then serial sections at 40 µm were cut on a cryostat (Leica CM1900, Nussloch, Germany).

H&E staining
------------

Sections were deparaffinized, rehydrated, and stained with hematoxylin for 5 minutes. The slides were then washed with running water for 10 minutes, followed by counterstaining with eosin for 5 minutes. After differentiation, the sections were dehydrated in 70%, 95%, and 100% ethyl alcohol, followed by being cleared in xylene and permanently mounted.

Immunohistochemistry
--------------------

Immunohistochemical staining was performed as previously described \[[@B26]\]. In brief, after deparaffinization and hydration, tissue sections were incubated with one of the following primary antibodies: mouse anti-glial fibrillary acidic protein (GFAP; 1:800; Millipore, \#AB3594), rabbit anti-ionized calcium-binding adaptor molecule 1 (Iba-1; 1:1000; Wako, \#019-19741) and rabbit anti-cysteine-aspartic acid protease 3 (caspase-3; 1:1000; Cell Signaling Technology, \#9662) at 4℃ overnight. Following PBS wash, sections were incubated with biotinylated-conjugated goat anti-mouse or rabbit IgG (1:200, Vector Laboratories, \#BA-1000-1.5; \#BA-9200) for one hour at 37℃ and then visualized with 3-3-diaminobenzidine-4 HCl/H~2~O~2~ (DAB, Sigma-Aldrich, \#D0426). Caspase-3 stained sections were counterstained with eosin.

Immunofluorescence
------------------

Cryostat sections were blocked for one hour at room temperature with 5% bovine serum albumin, incubated with rabbit anti-fibrin antibody (1:100, Abcam, \#ab96532) or a mixture of rabbit anti-fibrin antibody (1:100, Abcam, \#ab96532) and goat anti-AQP4 antibody (1:1000, Millipore, \#AB3594) overnight at 4℃. After extensive rinsing, sections were incubated with Alexa Fluor 488 and Alexa Fluor 594 secondary antibodies (Thermo Fisher Scientific, 1:1000, Cat \#A-11034; Cat \#A-11032) for two hours at room temperature. Meninges were incubated with a monoclonal mouse anti-lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1) antibody (1:1000, Abcam, Cat \#ab33682) and thereafter incubated with Alexa Fluor 488 secondary antibody. The slides were washed for 3×5 minutes in PBS containing 1.5 µM 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen, \#D21490) and then coverslipped with buffered PBS/glycerol.

Cell counting and imaging analysis
----------------------------------

All micro-images were captured by a digital microscope (Leica Microsystems, Wetzlar, Germany) and quantified by NIH ImageJ software (Bethesda, MD, USA). For quantification of immunohistochemistry of GFAP, Iba-1, caspase-3 and AQP4, typical hippocampal images were captured in sequence at ×20 objective magnification. The percentage of area covered by GFAP or Iba-1 was measured using interest grayscale threshold analysis with constant settings for minimum and maximum intensities. The percentage area of positive signal was calculated by dividing the area of positive signal to the total hippocampal area. In addition, caspase-3-positive apoptotic cells and total hematoxylin-positive cells in the granular layer of the dentate gyrus were also calculated, and the results were presented as a percentage of apoptosis. The mean AQP4-IR intensity at the regions immediately abutting each vessel and adjacent parenchymal domains, respectively, was measured. AQP4 polarization was obtained by comparing expression ratios of AQP4 at perivascular domains versus parenchymal domains \[[@B8][@B26]\]. A mean value of each index mentioned above was calculated for five sections per mouse.

For analysis of TR-d3 penetration into the brain parenchyma, serial images of the whole coronal sections for each animal were obtained at a 1.25×objective magnification. The first section was selected at the beginning at the anterior aspect of the hippocampus, each section was collected every 200 µm apart until a total of five sections had been collected. The percentage area of TR-d3 from the five brain slices was averaged to represent glymphatic CSF influx for each mouse. The percentage area of TR-d3 or fibrin in 2\~3 central slides of the dcLNs or in the LYVE1-positive meningeal lymphatic vessels adjacent to the superior sagittal sinus was also analyzed on corresponding images that were obtained under ×20 objective.

In addition, hippocampal microvessels larger than 20 µm in diameter in H&E-stained sections were used for analysis of vasospasm. The cross-sectional area of 16\~20 microvessels in the bilateral hippocampus per mouse and corresponding perivascular spaces were measured. The results were presented as the ratio of perivascular void area to microvascular area.

Western blotting
----------------

Mouse dorsal forebrains (hippocampus and adjacent parietal cortex) were dissected and homogenized in buffer H (1 mM Na HEPES pH7.4, 320 mM sucrose with protease inhibitors). Samples were then resolved on SDS-PAGE and transferred onto PVDF membranes, followed by blocking with 5% nonfat milk dissolved in TBST (pH 7.5, 10 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween 20) at room temperature for 1 hour. Bands were incubated with rabbit polyclonal antibody against interleukin-1β (IL-1β; 1:1000; Millipore; \#AB1832P), interleukin 6 (IL-6; 1:1000; Cell Signaling Technology; \#12912), tumor necrosis factor-α (TNF-α; 1:1000; Abcam; \#ab6671), caspase-3 (1:1000; Cell Signaling Technology; \#9662), Bax (1:1000; Cell Signaling Technology; \#2772S), Bcl-2 (1:1000; Cell Signaling Technology; \#2876S) or GAPDH (1:1000; Bioworld; \#AP0063) at 4℃ overnight. Following TBST washing, bands were incubated with horseradish peroxidase-conjugated secondary antibodies (1:3000, ZSGB-BIO; \#ZB-2301) for 1 hour at room temperature, then visualized with ECL Plus detection system. Protein loading and transfer efficiency were balanced with GAPDH. Four or five mice per group in triplicate experiments were averaged to provide a mean value for each group.

Flow cytometry
--------------

Mice were perfused from the left cardiac ventricle with cold PBS for 10 minutes. Dorsal forebrains, meninges, and dcLNs were immediately dissected out. Briefly, the skull was separated into the upper half and lower half utilizing microsurgical scissors. The upper part of meninges was carefully separated from the medial surface of the cranium. For collecting the dcLNs, a longitudinal incision was made on the neck from the mandible to the sternum, and the dcLNs were able to be found under the lower part of the sternoclavicular muscles \[[@B16]\]. The meningeal tissues were dissected with fine forceps and digested in RPMI-1640 medium (Sigma-Aldrich, Cat \#R0883) containing 1.4 U/ml Collagenase VIII (Sigma-Aldrich, Cat \#C2139) and 1 mg/ml DNase1 (Sigma-Aldrich, Cat \#11119915001) for 15 minutes at 37℃. The dorsal forebrains and dcLNs were smashed in Dulbecco\'s Modified Eagle Medium (DMEM) containing 10% fetal calf serum. Digested meninges and smashed forebrains and dcLNs were dissociated using pipetting, then passed through 70-µm filters. Cell suspension was incubated with antibody dye CD3 (1:400, eBioscience, Cat \#145-2C11), CD4 (1:400, eBioscience Cat \#17-0041-83), or CD8 (1:400, BD Bioscience Cat \#335787) for 30 minutes at 4℃. Data were acquired on an LSR II cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using FlowJo Pro software (FlowJo, LLC, Ashland, OR, USA). The number of cells used for each analysis was 10,000 for meningeal samples and 50,000 for forebrains and dcLNs. Mean value of each sample was obtained from three independent experiments.

Statistical analysis
--------------------

Statistical analyses were conducted using SPSS software, version 19.0 (SPSS Inc., USA). The data were analyzed by Student\'s t-test and expressed as mean±SEM. Pearson correlation analysis was calculated to evaluate the link between the number of apoptotic cells and cerebral vasospasms in the hippocampus. Correlation between overall behavior score and percentage area of TR-d3 within the brain was also analyzed by Pearson correlation analysis.

RESULTS
=======

Intracisternally injected blood cells are drained to the dcLNs
--------------------------------------------------------------

A large number of blood cells had accumulated within the dcLNs one day after injection of autologous blood into the cisterna magna of mice. At one week post SAH, a small amount of a hemoglobin-like substance was still observed within the dcLNs ([Fig. 1A](#F1){ref-type="fig"}). Fibrin is a fibrous, non-globular protein involved in the clotting of blood. Quantification of fibrin immunofluorescence in the dcLNs demonstrated the percentage of fibrin-positive area was 20.8% at one day and 5.24% at one week post SAH, respectively ([Fig. 1B and 1C](#F1){ref-type="fig"}). Neither blood cells nor fibrin was found in the dcLNs of sham control mice ([Fig. 1A\~C](#F1){ref-type="fig"}). These results suggest that blood cells are able to be drained to the dcLNs after injection into the cisterna magna.

Lymphatic clearance malfunction and Tau protein aggregation in SAH mice
-----------------------------------------------------------------------

Previous studies, including one from our group, have confirmed that meningeal lymphatic vessels absorb brain macromolecules and tracers from the subarachnoid space for transport into the dcLNs \[[@B10][@B15][@B16]\]. In order to determine whether long-term lymphatic clearance dysfunction occurs during SAH, a fluorescent tracer TR-d3 was injected into the cisterna magna one week after surgery ([Fig. 2A](#F2){ref-type="fig"}). In sham control mice, a very small amount of TR was attached to the walls of LYVE1-positive lymphatic vessels adjacent to the superior sagittal sinus ([Fig. 2E](#F2){ref-type="fig"}), while a large amount of tracer penetrated into the dcLNs ([Fig. 2F](#F2){ref-type="fig"}), suggesting that meningeal lymphatic vessels can quickly absorb CSF macromolecular substances and drain them downstream into dcLNs. The superior sagittal lymphatic vessels were almost full with TR-d3 in SAH mice ([Fig. 2E](#F2){ref-type="fig"}), while penetration of TR-d3 in the dcLNs was significantly less than that of sham controls ([Fig. 2F](#F2){ref-type="fig"}). Quantitative analysis revealed that the percentage of TR-d3-positive area in the lymphatic vessels of the superior portions of the skulls of SAH mice was almost eight times that of sham controls (p=0.0012; [Fig. 2B](#F2){ref-type="fig"}). By contrast, the percentage of TR-d3 positive area in dcLNs of SAH mice was only 43.48% of that of sham controls (p=0.0124; [Fig. 2C](#F2){ref-type="fig"}). These data suggest that SAH persistently impairs draining ability of meningeal lymphatic vessels. Moreover, recent studies have revealed a functional connection between the glymphatic system and meningeal lymphatic vessels. Brain influx of CSF macromolecules through the paravascular pathway is impaired when meningeal lymphatic drainage is disrupted \[[@B15][@B16]\]. In agreement with this, SAH mice showed a significant decrease in penetration of intracisternally injected TR-d3 into the brain parenchyma (p=0.0124 versus sham controls; [Fig. 2D and 2G](#F2){ref-type="fig"}).

Consistent with dysfunction of glymphatic clearance, there was an abnormal enlargement of the perivascular space in the brain of SAH mice, as revealed by significant increases in the ratio between perivascular void area and vascular area (p=0.0018, versus sham controls; [Fig. 3A\~B](#F3){ref-type="fig"}). Glymphatic dysfunction in SAH mice was further confirmed by high levels of brain total Tau and phosphorylated Tau, PHF-1 (p=0.0058; p=0.0227, versus sham controls, respectively; [Fig. 3D\~E](#F3){ref-type="fig"}). Brain edema is a common complication of acute SAH \[[@B3]\]. An earlier study reported that brain water content is increased significantly in 1\~3 days post SAH and brain edema is further aggravated following LdcLNs \[[@B19]\]. However, whether long-term dysfunction of cerebral lymphatic drainage is involved in brain edema after SAH has not been addressed. In the present study, we demonstrated that brain water content was significantly higher one day post SAH (p=0.023, versus sham controls) but returned to normal levels at seven days (p=0.1813; [Fig. 3C](#F3){ref-type="fig"}). This suggests an effective compensatory mechanism for maintaining CNS water homeostasis during the recovery period of SAH. Taken together, the above results support the view that brain macromolecule clearance is more dependent on the dural lymphatic system than CSF clearance \[[@B10][@B15]\].

Dural lymphatic vessels are also responsible for draining lymphocytes from CSF into the peripheral lymph nodes \[[@B11][@B16][@B27]\]. Flow cytometry analysis showed that the number of CD3^+^, CD4^+^, and CD8^+^ cells within the brain parenchyma (p=0.0264, p=0.0138, p=0.0265, respectively; [Fig. 4A and 4D](#F4){ref-type="fig"}) and meninges (p=0.0264, p=0.0138, p=0.0265, respectively; [Fig. 4B and 4E](#F4){ref-type="fig"}) of SAH mice was more than twice that of the sham controls, respectively. CD3^+^, CD4^+^, and CD8^+^ cell counts were also mildly increased in SAH-dcLNs (p=0.0482, p=0.0184, p=0.0191, versus sham controls, respectively; [Fig. 4C and 4F](#F4){ref-type="fig"}). Together, the above evidence demonstrates that there is a long-lasting malfunction of meningeal lymphatic clearance with abnormal accumulation of macromolecules and lymphocytes within the brain parenchyma during SAH.

Impaired AQP4 polarity after SAH
--------------------------------

Previous studies have shown that glymphatic clearance function depends on highly selective expression of AQP4 on microvascular end-feet of astrocytes \[[@B6][@B7][@B8]\]. Therefore, we queried whether impaired glymphatic malfunction is associated with altered AQP4 polarization. Abnormal AQP4 polarization was observed in the hippocampus one week post SAH ([Fig. 5A](#F5){ref-type="fig"}). Quantitative analysis showed that SAH increased immunoreactive intensity of AQP4 (p=0.004, versus sham controls; [Fig. 5B](#F5){ref-type="fig"}) but decreased perivascular polarity of AQP4 (p=0.019, versus sham controls; [Fig. 5C](#F5){ref-type="fig"}). Consistently, Western blot showed that SAH increased AQP4 expression levels in the dorsal forebrain (p=0.021, versus sham controls; [Fig. 5D\~E](#F5){ref-type="fig"}).

Mild reactivation of glial cells and neuroinflammation after SAH
----------------------------------------------------------------

Both astrocytes and microglia participate in maintaining brain homeostasis and respond to various types of injuries \[[@B27][@B28]\]. Immunohistochemical staining revealed that Iba-1-positive microglia and GFAP-positive astrocytes in sham control mice were under resting state. In SAH mice, astrocytes and microglia were mildly activated with intense staining and increased cell size ([Fig. 6A](#F6){ref-type="fig"}). Quantitative data revealed that SAH mice had high percentages of Iba-1-positive and GFAP-positive area in the hippocampus (p=0.0082; p=0.0227, versus sham controls respectively; [Fig. 6B\~C](#F6){ref-type="fig"}). Consistent with activation of glial cells, levels of IL-1β, IL-6, and TNF-α were high in the dorsal forebrain of SAH mice, compared with those in sham controls (p=0.006, p=0.001, p=0.007, respectively; [Fig. 6D\~E](#F6){ref-type="fig"}).

Neuronal apoptosis and neurological deficits of SAH mice
--------------------------------------------------------

Consistent with microvascular spasm and glial inflammation, neuronal apoptosis occurred in the hippocampus of SAH mice ([Fig. 7A](#F7){ref-type="fig"}). The percentage of cysteine-aspartic acid protease 3 (caspase-3) positive neurons in the hippocampal dentate gyrus of SAH mice was 3.7 times greater than that of sham controls ([Fig. 7B](#F7){ref-type="fig"}). Western blot also revealed that expression levels of apoptosisrelated proteins, cleaved caspase-3, and Bax increased, while anti-apoptosis protein Bcl-2 decreased in the dorsal forebrain of SAH mice (p=0.0167, p=0.0053, p=0.0286, versus sham controls, respectively; [Fig. 7C\~D](#F7){ref-type="fig"}).

Neurological deficits and psychiatric symptoms are common during the recovery of patients with SAH as well as SAH animal models \[[@B1][@B2][@B3][@B4]\]. Neurological scores of SAH mice were lower than those of sham controls (p=0.0346; [Fig. 8A](#F8){ref-type="fig"}). We also evaluated mouse spontaneous exploratory and anxiety-like behaviors by use of the open field test. These tests showed that SAH mice had significantly reduced time spent in and number of entrances into the central area and total distance traveled, as compared with sham controls (p=0.0465, p\<0.0001, p=0.0332, respectively; [Fig. 8B\~D](#F8){ref-type="fig"}).

Correlation between glymphatic dysfunction and neurological deficits
--------------------------------------------------------------------

Interestingly, correlation analysis indicates that the number of apoptotic cells is closely related to cerebral vasospasm in the hippocampus (*r*=0.908; p=0.0018; [Fig. 9A](#F9){ref-type="fig"}). In addition, there was a positive correlation between overall behavior score and percentage area of TR-d3 within the brain (*r*=0.8913, p=0.003; [Fig. 9B](#F9){ref-type="fig"}). These results suggest that dysfunction of the glymphatic system is involved in neuronal apoptosis and neurological deficits after SAH.

DISCUSSION
==========

Multiple complications may be involved in the pathological course of SAH \[[@B2]\]. Recent studies have reported that the glymphatic system is damaged during the acute phase of SAH and ischemic stroke \[[@B19][@B20]\]. In the present study, a mild model of SAH is established by a one-time injection of autologous venous blood into the cisterna magna of mice, successfully avoiding animal death \[[@B22]\]. By use of this SAH model, we have demonstrated dysfunction of the glymphatic and meningeal lymphatic drainage mechanism during the recovery period of SAH.

Recently, a typical lymphatic structure has been identified in both human and mouse meninges, mediating drainage of macromolecular substances and lymphocytes from the CNS to the peripheral circulation \[[@B9][@B10][@B11][@B15][@B16]\]. In the present study we have provided evidence that meningeal lymphatic vessels can drain intracisternally injected blood cells into the dcLNs, which may ameliorate secondary impairments following SAH. Earlier studies have reported that blocking cerebral lymphatic drainage worsens brain oxidative stress, cerebral blood flow, and brain edema in the acute phase of SAH \[[@B19][@B20]\]. We have further demonstrated an obstruction of dural lymphatic drainage at one week post SAH, revealed by significantly decreased transit of intracisternally injected TR-3d toward the dcLNs and abnormal accumulation of Tau and T cells within the brain parenchyma and meninges of mice.

We also have demonstrated a long-lasting glymphatic malfunction in the SAH model, which may be associated with abnormal aggregation of blood cells and blood components within the brain perivascular spaces as well as activated astrocytes with loss of AQP4 polarization. It has been known that the glymphatic pathway mediates clearance of macromolecules out of the brain parenchyma and depends on perivascular polarization of AQP4 \[[@B6][@B7]\]. Under normal physiological conditions, driven by arterial pulsation, CSF penetrates into the brain parenchyma to form interstitial fluid (ISF), which flows into the subarachnoid space through the para-venous pathway ([Fig. 10A](#F10){ref-type="fig"}). Soluble macromolecular metabolites are removed out of the brain parenchyma along with the bulk flow of ISF \[[@B14]\]. As the most abundant water channel in the CNS, AQP4 mediates rapid influx of CSF into the brain and subsequent efflux of ISF into the subarachnoid space, potentially serving as the main driving force for ISF bulk flow \[[@B14]\]. In various states, such as aging \[[@B6]\], brain contusion \[[@B7]\], and AD \[[@B15][@B16]\], astrocytes are activated, resulting in abnormal expression of AQP4 on astrocyte soma and processes around neuronal elements. Almost all SAH complications, including cerebral vasospasm, microcirculatory disturbance, microthrombosis, cerebral ischemia, hypoxia, and oxidative stress, can lead to astrocyte activation \[[@B1][@B2][@B19][@B20][@B29][@B30][@B31]\]. Impairing vascular polarization of AQP4 has been shown to hamper glymphatic clearance of metabolic macromolecules, including Aβ and Tau, from the brain \[[@B6][@B7]\]. We have reported that blockade of meningeal lymphatic drainage or AQP4 deletion exacerbates AD-like pathology in APP/PS1 mice \[[@B16][@B26]\]. Our recent study has revealed that brain Aβ and Tau levels are markedly increased in AQP4^-/-^ mice following ligation of dcLNs \[[@B32]\]. These data indicate that inhibiting mislocalization of astrocyte AQP4 might be an effective treatment target to protect glymphatic function in various neurological diseases associated with abnormal aggregation of brain macromolecules \[[@B33]\].

As mentioned above, besides removal of brain macromolecular metabolites, dural lymphatic vessels drain CSF lymphocytes to the dcLNs \[[@B10][@B15][@B16]\]. The present study has shown that CD3-, CD4-, and CD8-positive T cells accumulate in the brain parenchyma and meninges in SAH mice. These excessive T cells might have originated from intracisternally injected blood cells and accumulated as a consequence of impaired cerebral lymphatic drainage. Recent studies have suggested that the meningeal lymphatics-dcLNs route is crucial for the homeostasis of brain-immune interactions, and its abnormality is involved in the pathogenesis of immune-related neurological diseases \[[@B12][@B34]\]. Notably, the normal flow of meningeal T cells is interrupted in mice after surgical removal of dcLNs, resulting in cognitive dysfunction in the water maze test \[[@B35]\]. Based on this, long-lasting impairment of meningeal T cell homing might be involved in persistent neurological deficits after SAH.

Interestingly, compared with abnormal accumulation of macromolecular substances and immune cells within the brain parenchyma, the brain water content returns to normal levels at 7 days after SAH, although polarization of AQP4 and intracisternal CSF tracer influx and clearance remain abnormal. Consistent with the present results, in a closed-skull model of murine traumatic brain injury (TBI), intracranial pressure and cerebral edema peak 1\~3 days post injury and largely normalize by 7 days post injury. Increased AQP4 expression and loss of polarized localization of AQP4 at endfoot processes of reactive astrocytes increases up to 1 week post injury, and remains dysregulated by 4 weeks post injury \[[@B36]\]. A subsequent study further confirmed that in addition to facilitating resolution of vasogenic edema after TBI, the long-term mislocalization of AQP4 impairs glymphatic clearance function, contributing to tau aggregation and neurodegeneration in the chronic phase after TBI \[[@B7]\]. These data suggest that adaptive changes in CSF clearance occur after the compromise of glymphatic and meningeal lymphatic systems.

This speculation is further supported by the evidence that mice born without meningeal lymphatic vessels show normal brain interstitial fluid pressure and water content \[[@B10]\]. A recent study from our group also revealed that brain water content is not changed significantly in either AQP4 knockout mice or wild-type mice at 3 days and 2 weeks after ligation of dcLNs. By contrast, no matter received ligation of dcLNs or not, AQP4 knockout mice show mildly high brain water content, relative to WT controls \[[@B32]\]. In agreement with our results, whole or astroglial conditional AQP4 knockout mice established by other groups also exhibit a slight increase in global brain water content \[[@B37][@B38][@B39]\]. Although AQP4 absence mildly increases brain water content and interstitial volume, loss of perivascular AQP4 polarization in the aging brain relates to a reduction in CSF-ISF exchange, but does not affect brain extracellular space \[[@B6]\]. Moreover, brain water content subtly declines with age in healthy humans \[[@B40][@B41]\] as well as in mice \[[@B42]\]. These results indicate that AQP4 polarity dependent glymphatic transport facilitates the clearance of excess fluid and macromolecules from the brain parenchyma, but is not the sole determinant for the basal brain water content, because water movement into, through and out of the brain is via various routes and mechanisms \[[@B43]\]. In summary, cerebral edema caused by SAH gradually subsides over time, which might be due to multiple compensation pathways, including increased transport of water across the blood-brain barrier, transport of arachnoid granulations into the circulatory system, and decreases in CSF production from the ventricular choroid plexus \[[@B43]\]. To confirm this presumption, further work is needed.

In conclusion, the present study has revealed lymphatic drainage dysfunction and related neuropathological changes in the recovery period of SAH model ([Fig. 10B](#F10){ref-type="fig"}). It would be interesting to determine if improving drainage of the dural lymphatic vessels could effectively mitigate secondary pathological processes and eliminate neuropsychiatric sequelae of SAH. The potential results will help to further reveal the pathophysiological mechanisms of SAH and provide an experimental basis for improving the prognosis of SAH via targeting the lymphatic clearance system.
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![Drainage of blood cells and components to the dcLNs following injection into the cisterna magna. (A) H&E staining showed that a hemoglobin-like substance was absent in the intact dcLNs but clearly observed in the dcLNs at 1 day post SAH and significantly decreased at 7 days post SAH. (B) Fibrin-positive signals were still present within the dcLNs of SAH mice at 7 days post SAH. (C) Percentage of fibrin-positive area within the dcLNs at 1 and 7 days after SAH. Results expressed as mean±SEM from 4 mice per group.](en-28-104-g001){#F1}

![Analyses of glymphatic and meningeal lymphatic drainage. (A) Schematic diagram of measuring distribution of TR-d3 within the dcLNs, brain parenchyma, and meningeal lymphatic vessels at 30 min after injection into the cisterna magna. (B\~G) Quantitation and representative images of TR-d3 fluorescence within LYVE-1 positive meningeal lymphatic vessels (B and E), dcLNs (C and F), and forebrain (D and G). Data shown as mean±SEM from 4 mice per group. Statistical analysis was performed by Student\'s t-test. ^\*^p\<0.05, ^\*\*^p\<0.01, ^\*\*\*^p\<0.001.](en-28-104-g002){#F2}

![Analyses of paravascular area, brain water content, and Tau levels. (A) H&E staining showed that hippocampal blood vessels had smaller inner diameters with increased perivascular space (arrowhead) at 7 days post SAH. (B) Ratio of perivascular area/vascular area. (C) Percentage of brain water content at 1 and 7 days after SAH. (D\~E) Representative bands of Western blotting and corresponding densitometry analysis for expression levels of total Tau protein and phosphorylated Tau protein (PHF-1) in the dorsal forebrain at 7 days post SAH. Graphs are the summary of results from three independent experiments. Data shown as mean±SEM from 4 mice per group. The statistical analysis was performed by Student\'s t-test. ^\*^p\<0.05, ^\*\*^p\<0.01.](en-28-104-g003){#F3}

![Analysis of T cells in the brains, meninges, and dcLNs. (A\~F) Representative dot plot and quantification of CD3^+^, CD8^+^, and CD4^+^ T cells in the dorsal forebrain (A and D), meningeal (B and E), and dcLNs samples (C and F). Graphs are the summary of results from two independent experiments. Data shown as mean±SEM from 4 mice per group. Statistical analysis was performed by Student\'s t-test, n=4. ^\*^p\<0.05, ^\*\*^p\<0.01, ^\*\*\*^p\<0.001.](en-28-104-g004){#F4}

![Analyses of AQP4 polarization and expression. (A) Immunofluorescent staining of AQP4 in the hippocampus. An abnormal increase in AQP4 expression was observed in the parenchymal domains (star) of SAH mice. (B) Relative pixel intensity of AQP4 immunofluorescence. (C) Relative perivascular polarization of AQP4. (D\~E) Representative bands of Western blotting and corresponding densitometry analysis for expression levels of AQP4 in the dorsal forebrain from three independent experiments. Results expressed as mean±SEM from 4 mice per group. The statistical analysis was performed by Student\'s t-test. ^\*^p\<0.05; ^\*\*^p\<0.01.](en-28-104-g005){#F5}

![Analyses of glial activation and neuroinflammation. (A) Immunohistochemical staining for Iba-1 and GFAP in the hippocampus. (B) Percentage of Iba-1-positive area. (C) Percentage of GFAP-positive area. (D\~E) Representative bands of Western blot and corresponding densitometry analysis for expression levels of IL-1β, IL-6, and TNF-α in the dorsal forebrain from three independent experiments. Data expressed as mean±SEM from 4 (B and C) or 5 (D) mice per group. Statistical analysis was performed by Student\'s t-test. ^\*^p\<0.05, ^\*\*^p\<0.01.](en-28-104-g006){#F6}

![Analyses of neuronal apoptosis. (A) Immunohistochemical staining for caspase-3 in the dentate gyrus of hippocampus. (B) Percentages of caspase-3-positive apoptotic neurons. (C\~D) Representative bands of Western blot and corresponding densitometry analysis for expression levels of cleaved caspase-3, Bax, and Bcl-2 in the dorsal forebrain. Graphs are the summary of results from three independent experiments. Data expressed as mean±SEM from 4 (B) or 5 (D) mice per group. Statistical analysis was performed by Student\'s t-test. ^\*^p\<0.05, ^\*\*\*^p\<0.001.](en-28-104-g007){#F7}

![Behavioral analyses. (A) Garcia neurological scores. (B) Percentage of time spent in the central area of the open field. (C) Number of entries into the central area. (D) Total distance traveled during the test. Data represent mean±SEM from 8 mice per group. Data in figures were analyzed by Student\'s t-test. ^\*^p\<0.05, ^\*\*^p\<0.01.](en-28-104-g008){#F8}

![Correlation analysis data. (A) The extent of cerebral vasospasm positively correlated with the number of apoptotic cells in the hippocampus. (B) Percentage of CSF tracer influx into the brain parenchyma partially correlated with overall behavior score. Data from 4 SAH mice and 4 sham controls, analyzed by Pearson correlation analysis.](en-28-104-g009){#F9}

![Schematic diagram of malfunction of glymphatic and meningeal lymphatic drainage post SAH. (A) Under intact conditions, perivascular AQP4 mediates convective flow from para-arterial to para-venous spaces, thus facilitating drainage of brain macromolecular substances to the dcLNs via meningeal lymphatic vessels. (B) After SAH, blood clots block the meningeal lymphatic drainage route, resulting in blood cells and components entering into and accumulating within brain perivascular spaces. This in turn impairs glymphatic clearance function, causing accumulation of toxic metabolites and immune components within the brain parenchyma as well as long-term brain damage.](en-28-104-g010){#F10}
